JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org.
Guanidinium
The purpose was to find out whether GdmCI induces exchange through binding to exchange intermediates that are partly or wholly unfolded. It was predicted that, when the logarithm of the exchange rate is plotted as a function of the molarity of GdmCl, the slope should be a measure of the amount of buried surface area exposed to GdmCI in the exchange intermediate. The results indicate that these concentrations of GdmCI do induce exchange by means of a partial unfolding mechanism for all 23 protons; this implies that exchange reactions can be used to study the unfolding and stability of local regions. Of the 23 protons, nine also show a second mechanism of exchange at lower concentrations of GdmCl, a mechanism that is nearly independent of GdmCI concentration and is termed "limited structural fluctuation."
Whether hydrogen-deuterium (H-D) exchange in proteins occurs by partial unfolding has been debated hotly (1). Classic experiments (2) indicate that the NH proton exchange rates of bovine pancreatic trypsin inhibitor (BPTI) depend on a global thermodynamic property of the protein.
The exchange rates of individual NH protons were compared for a family of proteins To obtain new evidence on this question, we used two-dimensional proton nuclear magnetic resonance (2D 1H-NMR) to measure exchange rates of individual NH protons in RNase A as a function of the concentration of guanidinium chloride (GdmCl). Guanidinium chloride causes protein unfolding by interacting with the unfolded protein, and the change in Gibbs energy upon unfolding varies linearly with the molarity (M) of GdmCl. The slope, -m, of the plot of Gibbs energy as a function of the molarity of GdmCl is proportional to the number of GdmCl interaction sites exposed on unfolding (4), which is taken to be proportional to the surface area exposed. We make use of this fact to ask whether H-D exchange of individual peptide NH protons can be caused to occur by partial unfolding by means of adding GdmCl. For our conditions, exchange is known to occur by the EX2 exchange mechanism (1, 5) that is defined below. This means that the apparent change in Gibbs energy, AGG* for the conformational reaction that permits exchange can be obtained for each proton by the relation Because of the high degree of correlation shown by these data (r = 0.94), we conclude that all these residues undergo exchange by the same kind of mechanism. In contrast, the data corresponding to residues in class 2a cluster above the regression curve and represent a separate exchange mechanism. We should point out that the distinction between class 2a and 2b residues was not made on the basis of whether their AG*(0) and mi data fit Eq. 3, but solely on their biphasic behavior in plots of AG*as a function of the concentration of GdmCl.
Global If the residues in class 2b (Fig. 2A) , have partial unfolding as their controlling mechanism, then residues in class 2a should exchange by some other mechanism involving more limited breakage of hydrogen bonds. We use "limited structural fluctuation" as a name for this second mechanism of hydrogen exchange.
The change in mechanism observed for residues with biphasic exchange plots (Fig.  1B) is, therefore, a transition Global unlocking. That the data for class 1 and class 2b residues (Fig. 2) are linearly correlated supports the interpretation that exchange of these residues occurs by partial unfolding, because the change in Gibbs energy on unfolding should be approximately proportional to the surface area exposed on unfolding, just as the micro-m value is proportional to the surface area exposed. What is unexpected in this plot is the intercept of 6.0 kcal mol1 at m = 0; it implies that a global unlocking step is coupled to partial unfolding, and unlocking must occur without exposing significant buried surface area. Then, as global unlocking occurs, a wide range of partial unfolding reactions can occur, each with its own set of values for ml and AG*(O). The fact that the intercept at m = 0 has the same value (6.0 kcal mol1) at 0.7 M GdmCl (Fig. 2B) as at 0.0 M GdmCl (Fig. 2A) shows that the globally unlocked state does not expose new surface area for interaction with GdmCl. The intercept in the linear free energy plot (Fig. 2) Mutational effects on the relative exchange rates of NH protons in the oxygenated (R) versus deoxygenated (T) forms of human hemoglobin provide a remarkable example of a correlation between an overall thermodynamic property of a tetrameric molecule (the equilibrium constant for the R T reaction) and the exchange rates of local clusters of NH protons (17) . When the exchange rates are converted to changes in Gibbs energy (Eq. 1) and the AAG* values for the two alpha and two beta subunits are added together to give AAG for the effect of mutation on the hemoglobin tetramer, the same value of AAG is found as when the equilibrium constant for the R -T reaction is measured directly by determining the appropriate association constants for subunit assembly and ligand binding. This striking correlation has been explained (17) Not all the values of ml and AG*(0) can be given simple structural explanations. One of the main goals of future work is to find detailed structural explanations for the results.
Note added in proof: After this paper was submitted, two articles appeared proposing that hydrogen exchange in BPTI occurs by two separate EX2 mechanisms that might be termed limited structural fluctuation and unfolding. The authors propose that the unfolding exchange mechanism occurs by total unfolding (19). 5. Because exchange in our conditions is known to occur by the EX2 exchange mechanism (1), the observed exchange rate, kHX, is as indicated below since k21 >> k23. In the EX2 mechanism, the native protein (N) is resistant to exchange but is in rapid equilibrium with a conformation (I) that permits exchange, and the slow rate-limiting step is the direct exchange step, which has the rate constant k23. Consequently, we obtain an apparent equilibrium constant, Kt2, for the N = I reaction by dividing kHx by kc, the "chemical" exchange rate which can be estimated with model peptides (6). 
In the main text, we omit the subscripts 1 and 2 and consider the exchange rates [kHx(i) and kC(i)] and Gibbs energies (AG*) for individual protons i. The offset of 3.6 kcal mol-1 between AG,* of exchange and AG, of unfolding for RNase A (see main text) indicates that k23(i) = 2.7 x 10-3 kc(i). Exchange involves both breaking the hydrogen bond made by proton i and gaining access for hydroxyl ion to the site of exchange. The work of breaking the hydrogen bond is expressed by the equilibrium constant K12, whereas the low effective concentration of hydroxyl ion at the site of exchange (which, according to our analysis, should be the same for all 23 protons) is thought to be the primary factor responsible for the low value of k23(i)1kc(i)'
